Objective: Consumption of a meal high in amylose starch (70%) decreases peak insulin and glucose levels and area under the curve (AUC). The objective was to determine the amount of amylose necessary in a meal for the beneficial decrease in glucose or insulin to occur. Design: Twenty-five subjects, 13 men (averaging 88.1 kg, 41 y, and 27.9 body mass index) and 12 women (averaging 72.4 kg, 41 y and 27.1 body mass index) were given six tolerance tests in a Latin Square design: glucose alone (1 g glucose=kg body weight) and five breads (1 g carbohydrate=kg body weight) made with 70% amylose cornstarch, standard cornstarch (30% amylose), and blends of the two starches (40, 50 and 60% amylose starch). A standard menu was fed for 3 days. One subject withdrew from the study. Results: Glucose, insulin and glucagon response to the carbohydrate loads was similar in men and women. Peak glucose response was lowest after the breads containing 50 -70% amylose starch. AUC was significantly higher after the glucose load than after all bread loads. The lowest AUCs occurred after the 60 and 70% amylose starch breads. Insulin response and AUC were significantly lower after the 60 and 70% amylose starch breads than after the glucose or the other breads. Conclusion: Results indicate that the amylose content of the starch used in the acute meal needs to be greater than 50% to significantly reduce plasma glucose and insulin in men and women.
Introduction
Health benefits have been reported after consumption of carbohydrates that are slowly digested (ie low glycemic) or not digested in the small intestine (resistant starch (RS) and fiber). Beneficial effects include improving the glycemic control in diabetes (Fontvieille et al, 1992; Wolever et al, 1992) , reductions in blood insulin (Jenkins et al, 1998; Behall et al, 1989; Behall & Howe, 1995) or lipids (Behall et al, 1989; Jenkins et al, 1987) , and potential decrease in the risk for development of diabetes (Salmeró n et al, 1997a,b) . Hyperinsulinemia, an indication of insulin resistance, is one indicator of potentially developing non-insulin-dependent diabetes mellitus (NIDDM, Haffner et al, 1990) . Individuals who are no longer able to augment insulin secretion or use circulating insulin to meet increased demand after glucose or a high-glycemic food develop glucose intolerance, which can lead to NIDDM (DeFronzo et al, 1992) . Increased incidence of abnormal carbohydrate metabolism especially with respect to elevated glucose or insulin levels in the blood has been reported with increasing age and weight (Beebe & Rubenstein, 1987; Kuczmarski et al, 1994) .
Different sources of carbohydrate (Foster-Powell & Miller, 1995) and different types of starch affect the postprandial glucose and insulin responses (Behall & Howe, 1995; Behall et al, 1989; Granfeldt et al, 1995; Olesen et al, 1994; Muir et al, 1994; van Amelsvoort & Weststrate, 1992) in both normal people and others with impaired glucose tolerance. Factors responsible for the observed differences between foods in the postprandial glucose response include type of starch (amylose vs amylopectin, Behall et al, 1989; Granfeldt et al, 1995;  van Amelsvoort & Weststrate, 1992) , amylose structure (type 2 vs type 3 RS; Vonk et al, 2000) , amount and type of fiber (insoluble vs soluble; Glore et al, 1994; Wolever & Jenkins, 1993) , antinutrient components (ie phytate, etc; Thorne et al, 1983) , food form, and processing method (Björck et al, 1994) .
The composition of starch can vary from being primarily amylopectin, such as in waxy barleys, corn and rice, to being primarily (greater than 70%) amylose, such as in wrinkled pea and amylomaize (Annison & Topping, 1994) . Highamylose starches are resistant to intestinal enzymes and have fiber-like functions. Increased amylose consumption has been shown to decrease the concentration of glucose or insulin appearing in the blood after a meal (Behall & Howe 1995; Behall et al, 1989; Granfeldt et al, 1995; Krezowski et al, 1987; Weststrate & van Amelsvoort, 1993) . The results have varied among studies in part because of differing protocols (including the amount of amylose or RS consumed in the tolerance meal), recipes, cooking temperature, and cooling and storage conditions. Breads and muffins made with various amounts of the wheat flour replaced with highamylose starch or with vinegar added to the dough. Breads have also been made containing intact kernels (Holm & Björck, 1992; Liljeberg et al, 1992) or cracked kernels (Holt & Miller, 1994) as a means of increasing the amount of inaccessible starch.
Some subjects in our studies who consumed high-amylose meals or diets experienced bloating and flatulence. Lowering the amylose content of meals might prevent these undesirable side effects while retaining the beneficial reduction of insulin or glucose levels. The lowest level of amylose in a food product at which a beneficial reduction in insulin response occurs has not been investigated. Dose -response curves for high-amylose starch can be used to determine the level of amylose starch needed to reduce postprandial insulin.
Methods and materials
Subjects were selected from volunteers in good health as ascertained from a clinical examination administered by a physician. Subjects were screened for body mass index (BMI), plasma glucose, and lipids before being selected. The protocol and purpose of the study was explained to the subjects both orally and in writing. The study was approved by the Institutional Review Board of The Johns Hopkins School of Public Health and the US Department of Agriculture Human Studies Committee. Medical supervision was provided by Dr Benjamin Caballero, Division of Human Nutrition, The Johns Hopkins University School of Public Health.
Subjects
Thirteen men and 12 women 23 -58 y of age were selected for and completed the dietary study. Subjects were excluded from selection for the study if they had abnormal fasting glucose, had evidence of an infection, were hypertensive, or were taking prescription drugs known to interfere with glucose metabolism. Men and women were paired for age and BMI (Table 1) . One woman disliked the number of blood samples drawn and withdrew from the study.
Study design
A standard equilibration diet containing 30% fat, 55% carbohydrate and 15% protein was fed for 2 days before and the day of sample collection. The standard diet was designed to contain a moderately high percentage of carbohydrate without including foods known to lead to colonic gas production. The menu was identical during each of the periods. Body weight was used to determine which of the seven energy levels was appropriate for each subject, and subjects consumed that same amount of energy during all four diet periods. Nutrient content of the menu was similar to dietary recommendations (US Department of Agriculture and Department of Health and Human Services, 1990) .
Subjects came to the Beltsville Human Nutrition Research Center's Human Diet Facility each day before breakfast to be weighed, eat breakfast and pick up prepacked lunch and dinner. They were required to consume all foods and beverages given and nothing else unless approved by the principal investigator. Intake of all additional items such as water, non-caloric beverages, salt and pepper was recorded daily. On Friday evenings subjects were required to consume all food by 8 pm. On the following morning, subjects arrived at the center between 6 and 8 am. Fasting blood and breath samples were collected. Subjects then consumed 1 g carbohydrate=kg body weight based on the mean of weights recorded the 2 days before the tolerance test: either a glucose solution or a test bread containing an equal amount of total carbohydrate. Total carbohydrate content of the breads as served was based on calculated values using USDA Handbook 8 (US Department Agriculture, 1976 Agriculture, -1988 . Breads were made with standard cornstarch (30% amylose, 70% amylopectin), high-amylose cornstarch (70% amylose, 30% amylopectin), or blends of these two cornstarches to give 40, 50 or 60% amylose cornstarch. The starches and composition of the starches were provided by American Maize-Product Company (Hammond, IN, USA). The six tolerance tests were performed in a Latin Square design. 
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Sample collection and analyses Blood samples were collected at fasting and at 30, 60, 120 and 180 min after the acute load was given. Blood was centrifuged and plasma was separated and stored at 7 80 C until analyzed on site for glucose, insulin and glucagon. Glucose was determined on an automated spectrophotometric system (Baker Instruments Corp, Allentown, PA, USA). Insulin and glucagon were determined by radioimmunoassay (Diagnostics Products Corporation, Los Angeles, CA, USA). Because fasting levels and curve shapes were different, response areas under the curve (AUC) were calculated by using the trapezoid method developed by Wolever and Jenkins (1986) , which uses 2 h postprandial levels for glucose and insulin. Glucose and insulin indexes were calculated by dividing the AUC after each bread by that after the glucose tolerance.
The amount of RS in the breads was determined using the AOAC method 991.43 (Lee et al, 1992) with and without pretreatment with dimethyl sulfoxide. Starch was calculated from the glucose content in enzyme hydrolyzate as determined by high-performance anion exchange chromatography (Li, 1999) . Based on this analysis, the 40, 50, 60 and 70% amylose starch breads contained 2, 8, 12 and 15% less available carbohydrate than the common (30% amylose) cornstarch bread. Bread was also analyzed by Dr H Liljeberg, University of Lund, Lund, Sweden, by the method based on chewing and enzyme incubation at physiological conditions (Å kerberg et al, 1998) . By this method available carbohydrate was approximately 6, 14, 20 and 26% less for the 40, 50, 60 and 70% amylose starch breads than the 30% amylose bread. The RS content of the breads as determined by the two methods along with average tolerance available carbohydrate (total minus fiber and RS) and RS intake are shown in Table 2 .
Statistical analyses
Data were statistically analyzed by using a mixed models procedure for repeated-measures analysis of variance (PCSAS, version 6.12, SAS Institute, Cary, NC, USA). Data were evaluated for the main effects of carbohydrate type (glucose or level of amylose), sex (M or F), time and interactions among the main effects. Data reported are least-squares means and standard errors of the means (s.e.m.s). Differences between groups were determined by least significant differences using the critical level of significance of P < 0.05.
Results
Plasma glucose response overall did not significantly differ (P < 0.32) between the men and women after the six tolerance tests (treatment-by-sex interaction, P < 0.59). Men tended to have higher glucose levels at 0.5 and 1 h and lower levels at 3 h, but the sex-by-time interaction did not reach significance (P < 0.059). Therefore, glucose responses from both sexes were combined as shown in Figure 1 .
Significant differences were observed in plasma glucose concentrations after the glucose and five breads were consumed (treatment, P < 0.003; time, P < 0.001; treatment by time, P < 0.0001). Plasma glucose concentration was significantly higher at 0.5 and 1 h and lower at 3 h after the glucose than after any bread. Peak glucose concentration after the breads containing 50 -70% amylose starch were significantly lower than peak concentration after the 30 and 40% amylose breads. After the glucose tolerance test, plasma glucose at 3 h was significantly lower than levels observed after all bread tolerance tests except the 50% amylose bread. Bread samples, regardless of the amylose content, resulted in a significantly lower glucose AUC than that for the glucose test material. Mean glucose area was lowest after the 70% amylose bread. The glucose AUC was significantly (P < 0.0001) higher after the glucose tolerance test than after all bread tolerance tests ( Figure 2 ). The AUC after the glucose tolerance test was significantly higher (P < 0.0001) than after all the bread tolerance tests. Glucose AUCs tended to decrease as the amount of amylose in the starch increased. The AUC after the 70% amylose bread was significantly lower than that for breads made with 30 -50% amylose. The glucose indexes after the 30, 40, 50, 60 and 70% amylose breads were 46.7, 48.3, 43.3, 33 .6 and 29.1%, respectively, compared to the glucose tolerance test (100%). The glucose AUCs and glycemic responses calculated from the AUCs correlated ( 7 0.936) well with the percent of amylose in the starch formulations. When the 30% amylose formulation was excluded from the calculations, the correlations improved to 7 0.989. AUCs did not differ between the sexes (P < 0.37) and no tolerance-by-sex interaction was observed (P < 0.85). Plasma insulin response of the men and women after the tolerance tests was not significantly different overall (P < 0.79) and there was no interaction with diet (P < 0.72) or time (P < 0.52), so the responses from all subjects were combined. Significant differences were observed in plasma insulin after the glucose tolerance test and bread tolerance tests (treatment, P < 0.001; time, P < 0.001; treatment by time, P < 0.001; Figure 3 ). Fasting, 2 h and 3 h insulin levels were not significantly different. Plasma insulin concentration at 0.5 h was significantly lower after the 70% amylose bread than any of the other tolerance tests. At the 1 h collection, insulin response to the 60 and 70% amylose breads was significantly lower than that after glucose and the other breads.
The 2 h insulin AUCs after the 60 and 70% amylose breads were significantly lower than those after the glucose and other bread tolerance tests (tolerance, P < 0.0001) and no sex-by-treatment interaction was observed (P < 0.61; Figure   Figure 1 Glucose response of 25 subjects to tolerance tests for glucose or five starch breads. Least-square means AE s.e.m. Glucose was significantly affected by treatment (P < 0.0003), time (P < 0.0001), and treatment-by-time interaction (P < 0.0001).
Figure 2
Glucose area under the curve at 2 h for 25 subjects' responses to tolerance tests for glucose or five starch breads. Least-square means AE s.e.m. Glucose was significantly affected by treatment (P < 0.0001). Glucose values with different superscripts were significantly different. Figure 3 Insulin response of 25 subjects to tolerance tests for glucose or five starch breads. Least-square means AE s.e.m. Insulin was significantly affected by treatment (P < 0.001), time (P < 0.0001) and by treatmentby-time interaction (P < 0.038).
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KM Behall and J Hallfrisch 4). The insulin indexes after the 30, 40, 50, 60 and 70% amylose bread tolerance tests were 94.4, 96.5, 89.3, 72.3 and 59.4%, respectively, of that observed after the glucose tolerance test. The insulin AUCs, and insulinemic responses calculated from the AUCs, correlated ( 7 0.932) well with the percentage of amylose in the starch formulations. When the 30% amylose formulation was excluded from the calculations, the correlations improved to 7 0.989. Plasma glucagon response did not significantly differ between the men and women after the six tolerance tests (treatment, P < 0.21; treatment by sex, P < 0.59; time by sex, P < 0.20). Significant differences were observed in plasma glucagon between the glucose tolerance test and five bread tolerance tests (time, P < 0.003; tolerance by time, P < 0.01). Because fasting glucagon levels were more varied (83 -98 ng=l AE 7.7) than those observed for glucose or insulin but were not significantly different, results are shown as the difference from the fasting value ( Figure 5 ). Plasma glucagon was significantly lower at 1, 2 and 3 h after the glucose tolerance test than after all the bread tolerance tests. Glucagon response (AUC) after the 50 and 60% amylose breads was higher than those of the other breads but the differences were not significant (P < 0.52).
The amount of resistant starch found in the five bread formulations was generally higher using the Å kerberg method, the exception occurring in the 30% amylose bread. With both analytical methods there was a strong correlation between the percentage of amylose in the starch formulation and the amount of RS determined analytically in the bread whether the RS was expressed as a percentage of total starch (AOAC r 2 ¼ 0.9897, Å kerberg r 2 ¼ 0.9996) or as a percentage of dry weight (AOAC r 2 ¼ 0.9805, Å kerberg r 2 ¼ 0.9997) of the bread. The Swedish method gave slightly better correlation values but is more labor intensive. Since RS correlated well with the percentage amylose in the starch we should be able to correlate either with the metabolic parameters. Table 3 shows the correlation coefficients between glucose or insulin response and percentage amylose or RS. There was no difference in the correlation when the AUC values were used instead of the glucose or insulin indexes. By omitting the data for the 30% amylose bread, the correlations improved while omitting the data for the 70% amylose decreased the correlations. This may be explained by the fact that the amount of resistant starch in the 30% amylose bread is small enough that analytically it is difficult to determine. Physiologically there was no difference between the 30 and 40% amylose formulations.
Discussion
High-amylose starches are thought to be less digestible than standard starches containing lower amounts of amylose, partly because of the presence or development of RS. RS digestion in the colon, with its increase in butyrate levels, has been noted as a health benefit of high-amylose diets containing RS. Average RS intake has been estimated to be Figure 4 Insulin area under the curve at 2 h for 25 subjects' responses to tolerance tests for glucose or five starch breads. Least-square means AE s.e.m. Insulin was significantly affected by treatment (P < 0.0001). Insulin values with different superscripts were significantly different. Figure 5 Glucagon response, as difference from fasting levels, of 25 subjects to tolerance tests for glucose or five starch breads. Least-square means AE s.e.m. Glucagon was significantly affected by treatment (P < 0.003) and time (P < 0.01).
Plasma glucose and insulin reduction KM Behall and J Hallfrisch 2.5 -5 g=day in Western diets (Holm & Björck, 1992) ; 5 AE 2 g RS=day in Australian diets (Birkett et al, 1997) ; and 8.5 g RS=day in Italian diets, with regional differences (7.2 g=day in the northwest to 9.2 g=day in the south) reflecting differences in starchy foods consumed (Brighenti et al, 1998) . Colonic cancer risk might be reduced if Western diets contained higher levels of both RS and total dietary fiber (TDF; Birkett et al, 1997) .
In this study a reduction of glucose and insulin was observed at 0.5 and 1 h after the consumption of breads containing 50 -70% and 60 -70% amylose, respectively. Subjects consumed an average of 8 g RS in the tolerance test with 50% amylose bread, the level at which glucose was reduced, and 11.5 g in the test with 60% amylose bread, the level at which both glucose and insulin were reduced. If the level found to reduce glucose and insulin response were consumed at each meal, RS consumption could total approximately 36 g=day, which is similar to the amount generally fed per day in this and other studies. Behall and Howe (1995) reported that normal and hyperinsulinemic subjects fed high amylose bread contained 16% RS (average consumption 13 g RS=tolerance, Behall & Howe, 1996) had significantly reduced insulin concentration and insulin AUC compared with values after amylopectin bread ( < 1.0 g RS=tolerance). The greatest reduction in insulin occurred in the hyperinsulinemic subjects consuming the high-amylose bread, although the percentage reduction observed was similar to that of the control subjects. Although the hyperinsulinemic subjects are not considered to be in a diseased state, abnormal insulin and glucose levels have been used as the primary indicators for carbohydrate sensitivity and NIDDM (Beebe and Rubenstein, 1987; Kuczmarski et al, 1994) . Noakes et al, (1996) fed overweight hypertriglyceridemic men and women muffins containing 60 g total carbohydrate and 5.8 g (high-amylose) or 1.3 g (low-amylose) RS. Plasma glucose after the high-amylose load was 7% lower than after the low-amylose load at 45 min postprandial; plasma insulin after the high-amylose load was 28% lower than after the low-amylose load at 75 min postprandial. Summed postprandial glucose and insulin decreased 16 and 15%, respectively, but the reduction was considered biologically small and only the insulin change was statistically significant. Krezowski et al (1987) reported glucose and insulin responses in subjects with NIDDM to a variety of meals, each containing 50 g carbohydrate, including high-and low-amylose muffins and commercial cornflakes compared with glucose. The high-amylose muffins resulted in lower glucose levels than did the glucose, cornflakes, or low-amylose muffin. Insulin response was highest after the low-amylose muffin followed by cornflakes, the high-amylose muffin and glucose, with the response for the last two being similar. The insulin rise was higher than was predicted based on the glucose rise for the high-amylose muffins. Hoebler et al (1999) fed white bread (93 g total starch and 1.3 g RS) and high-amylose cornstarch bread (89 g total starch and 16.5 g RS) as part of a meal. Plasma glucose and insulin were significantly lower 90 -105 and 90 -200 min, respectively, after the high-amylose compared with the white bread meal. Similar to the results in this study, significant decreases in glucose or insulin have been reported when the test meal contained over 12 g RS (Behall & Howe, 1995; Hoebler et al, 1999) . Granfeldt et al (1995) fed subjects test meals (arepas) containing standard or high-amylose corn meal and varying amounts of total carbohydrate (46.8 g, common cornmeal; 45.0 and 69.8 g high-amylose cornmeal) and available carbohydrate (45.0 g, common cornmeal; 29.0 and 45.0 g highamylose cornmeal). Resistant starch by undigestible difference (similar to the method used in this study) was 2.0 g in the common cornmeal arepas and 12.2 and 18.9 g, respectively, in the high-amylose cornmeal arepas. Even though the carbohydrate (total and available and resistant starch) differed by 36% between the two high-amylose arepas, glucose and insulin response curves and areas under the curve (95 or 120 min) did not significantly differ. Regardless of carbohydrate or RS content, both glucose and insulin concentrations and AUCs were significantly lower after both high amylose products than after the standard corn product even when the available carbohydrate was the same. Weststrate and van Amelsvoort (1993) compared the response to standard cornstarch or high-amylose cornstarch at both breakfast and lunch. The starches were fed as a percentage of energy rather than by weight. The AUCs for insulin but not glucose were significantly lower after the high-amylose than after the low-amylose breakfast (amylose at 15.4 vs 2.2% of total energy, averaging 18.4 vs 2.4 g, respectively). AUCs for both glucose and insulin were significantly lower after the high-amylose than after the low-amylose lunches (17.4 vs 10.7% of total energy, respectively). Several differences exist between studies using high-amylose starches and RS. The RS content of the foods; the weight of RS given in the tolerance load; and differences in the methodology used to determine the TDF, total starch, and RS are the major obstacles to comparing the effect of RS on glycemic variables. Studies investigating the effect of amylose on metabolic responses also varied in the type of food (bread, cereal, muffins or pasta), the source RS (kernels, or high-amylose starch with and without wheat flour), and the size and content of the tolerance meal. Although these food differences present a problem for comparison of results among studies, these variations are also present in generally available starchy foods. The glycemic index was developed in part to enable comparisons of the wide range of available starchy foods (Foster-Powell & Miller, 1995) .
Increased availability of information on amylose and RS content should facilitate comparisons among foods and studies. Differences in RS methodology may remain an obstacle in comparing studies. Although methods (such as those of Å kerberg et al, 1988; Champ, 1992; Englyst et al, 1996; Lee et al, 1992) to determine RS are similar, there are differences (such as digestion enzymes, temperature, starch solubilizer and pre-chewing of food). Different analytical methods are also used to determine glucose after starch digestion (such as gas chromatography, high-performance liquid chromatography, glucose oxidase peroxidase and hexokinase). The RS content of bread samples analyzed in our laboratory (AOAC method with and without dimethyl sulfoxide, sugars analyzed by high performance liquid chromatography) were similar but generally lower than values obtained for the same breads analyzed by Dr Liljeberg (Å kerberg method with potassium hydroxide, chewing of food as the first step in analysis, glucose analyzed with glucose oxidase peroxidase). Li et al (2001) in a direct comparison of three methods indicated that the method utilized in this study gave the most consistent values with a test sample. The Å kerberg method was suggested by Li et al (2001) as the preferred method since it simulates physiological conditions but it was also the most time-consuming and costly of the three methods tested.
Our study used a simple food to provide the highest number of levels of amylose and RS for the tolerance meal reported. Of the four other studies that reported RS content of the tolerance meal, all fed 0.6 -1.8 g RS in their lowamylose product, which was similar to our 30% amylose bread. Noakes et al (1996) fed 5.8 g RS (similar to our 40% amylose bread tolerance) as their high level with the same results we observed, no significant difference. Behall and Howe (1995) , Granfeldt et al (1995) , and Hoebler et al (1999) fed 13, 15.9 and 16.5 g RS, respectively, as a higher level (similar to our 60% amylose bread tolerance) and reported significant differences between the low and higher intakes. Granfeldt et al also had a higher RS level, 15.9 vs 24.7 g RS (similar to our 60% and more than our 70% amylose bread tolerance analyzed by their method), which, similar to our results, was not significantly different. Our results indicate that the amylose content of the starch used in meals needs to be over 50% or the RS content in the tolerance test needs to be above 8 g (AOAC, or 12 g Å kerberg) to significantly reduce of plasma glucose and insulin in men and women.
